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Abstract 

,? 

I 

Recent measurements of nuclear level parameters are used 
I 

to make more accurate calculations of the thermonuclear reaction 

rates for the following reactions: 
I -  1) 3He4 - C12 

2) C12 + He4 - 0l6 + Y 
e 

3) C13 + He4 - 0l6 + n 

5) N15 + He4 - F1' + y 
6) 0l6 + He -. Ne2' + y 

4 

The rates are calculated for temperatures up to T = 50 x 10' OK. 
4 dT 

I. Introduction and Summary 

Helium burning is an important stage in stellar evolution. 

12 Pure Helium burning (3He4 - C 
subsequent reactions C12(u,y)016, and 016(U,y)Ne2' are expected 

to become the-source of energy generationewhen the stellar core 

reaches temperatures of T = 1 - 3 x 10' 

serve to synthesize C12, 0l6 and possibly Ne2', Mg 

) and to a lesser extent the 
J 

0 K. These reactions also 
I 

24 28 , Si , etc. 

Recent measurements of the decay widths of the second 

excited state of C12 now enable us to obtain an expression for 

the rate of 3He4 - C12 which is accurate. to better tnan a factor 
two over the temperature range 0.85 x loe% to 10 ktllOeOK. At higher 
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temperatures t h e  ra te  of pure H e l i u m  burning i s  s t i l l  of con- 

s i d e r a b l e  i n t e r e s t  for t h e  study of supernovae processes  (Hoyle 

and Fowler, 1960). We can now es t ima te  t h i s  high temperature 

ra te  wi th  improved accuracy as a r e s u l t  of a r ecen t  determinat ion 

of t h e  s p i n  of t h e  t h i r d  exci ted s t a t e  of C . 1 2  

Calculat ion of t h e  thermonuclear r e a c t i o n  r a t e s  for t h e  

16  20 
( a , y )  N e  have been made previ-  r e a c t i o n s  C l 2 ( a , y )  0 l6  and 0 

ously.  
'\ 

Sa lpe te r  (1957) , Cameron (1959a, b, c) , Reeves and Sa lpe te r  

(1959), and Hayashi, Nishida, Ohyama and Tsuda (1959) . More 

recent measurements have been made of l e v e l  parameters f o r  

exc i t ed  s t a t e s  i n  t h e  n u c l e i  0 l 6  and NeZo  which narrow down 

0 
e x i s t i n g  u n c e r t a i n t i e s  i n  the  r a t e s  a t  T > 2 x 10' K. Such 

a procedure i s  a t  least  i n  t h e  r i g h t  d i r e c t i o n  for obta in ing  a 

b e t t e r  e s t ima te  of t h e  r a t e  i n  t h e  region 1 - 2 x l ou  OK which 

depends on t h e  p r o p e r t i e s  of t h e  exc i t ed  s t a t e s  i n  the nuc le i  

0 l6  and Ne2' l iardly access ib le  t o  inves t iga t ion  by experiment. 

16 The helium burning r eac t ion  C13(u,n)0 is  of  g r e a t  importance. 

The rate f o r  t h i s  r eac t ion  has been previously c a l c u l a t e d  for  

T < 3x108 OK by s e v e r a l  authors  (Cameron 1955, 1957 and 1959a); 

Marion and Fowler (1957) ; and Sa lpe te r  (1955). Calcu la t ions  

which extend t h e  rate t o  h ighe r  temperatures have been made by 

R5eves and S a l p e t e r  (1959) and Hayakawa, Hayashi, and Nishida 

(1960); however, the two r e s u l t s  d i f f e r e d  by a l a r g e  f a c t o r .  
I 



~~~ ~ 

* . 
-3- 

- 4  

I n  t h i s  paper w e  w i l l  g ive  t h s  r e s u l t s  of a d e t a i l e d  study of 

the  r eac t ion  C13 (Q,n)016 made by mibaudeau (1962) ovkr the 
I ' 9  . '. 

broad range of temperature 0.2 x l o8  < T < 50 x lo8  OK i n  which 

he has  succeeded i n  narrowing down the  uncer ta in ty  

t o  about a f a c t o r  5.' The most recent experimental  

used. * 
Rates have a l s o  been ca lcu la ted  over the same 

range f o r  r eac t ions  a r i s i n g  from the c o l l i s i o n s  of 

and N15:  

i n  t he  r a t e  

da t a  has  been 

temperature 

He4 with N14 

A t  T < 20 x lo8  OK, the  N14 + He4 system can be resonant  

through the  4.651 s t a t e ,  and consequently the r a t e  i s  l o5  times 

l a r g e r  than the r a t e  quoted i n  Burbidge, Burbidge, Fowler and 

Hoyle ( 1 9 5 7 ) .  The r a t e  a t  T > 20 x'108 OK obtained here  f o r  

N14 + He4 is probably accura te  to  better than a f a c t o r  f i v e .  

This reac t ion  may a c t  a s  a t r i g g e r  f o r  the H e l i u m  burning f l a s h  

(Cameron 1 9 5 9 ~ )  . 
I n  each case,  we g ive  the  r a t i o  of the reac t ion  r a t e  t o  

the  r a t e  of t he  reac t ion  3He 3 C 1 2  a t  the  same temperature. 4 

--. This  r a t i o  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  any screening e f f e c t s .  

. *A more recent ana lys i s  by Caughlan (p r iva t e  communication) has  

been incorpora ted  here.  . 
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* I1 Method of Calculat ion 

For c a l c u l a t i n g  the  thermonuclear r eac t ion  rates WQ '' . ' '. 

u s e  t he  formalism developed by S a l p e t e r  (1957) as  modified 

by Reeves and S a l p e t e r  (1959) f o r  t he  h ighe r  temperatures 

considered . v 

The q u a n t i t y  which w e  a re  i n t e r e s t e d  i n  obtaining is 

p/pxd 

of a reac t ion  with nuc leus  of type 1 i n  a gas  w i t h  dens i ty  

f o r  which p is the p robab i l i t y  pe r  n u c l e u s  of type 2 
I 

f' and fract ional  concentrat ion by mass of alpha p a r t i c l e s :  Q 

The gas  is assumed t o  be i n  equilibrium a t  temperature T which 

w e  w i l l  always measure i n  u n i t s  of lo8  OK. 1 

The "resonant cont r ibu t ion"  t o  p froin a given l e v e l  i n  

t h e  compound nacleus is determined by the  in t eg ra t ed  resonance . 

s t r e n g t h :  

r 

I n  t h i s  expression,  r o u t  i s  the p a r t i c l e  width of t he  e x i t  

channel and m u s t  be considered sepa ra t e ly  depending on whether 

t h e  emit ted p a r t i c l e  is a photon, proton or neatron. is  

t h e  alpha p a r t i c l e  width a t  resonance. 

the alpha part i c l e  resonance energy then we can w r i t e  

1 '-. 

i 
I 

If we denote by E, ! 
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where 

and 

s 

I n  equation ( 2 ) ,  7 is a cons tan t  w?iich includes the  Coulomb 

and o r b i t a l  angular  momentum b a r r i e r  pene t ra t ion  e f f e c t s  b u t  i s  

almost independent of E,. This approximation t o  is  expected 

t o  be v a l i d  when E, i s  much l e s s  than the  Coulom3 b a r r i e r .  For 

a l l  of the  reac t ions  s tud ied  i n  t h i s  paper t h i s  condi t ion  i s  

w r j l l  s a t i s f i e d .  I n  p a r t i c u l a r  a t  t h s  h ighes t  temperatures 

(T - 50 x lo8 OK) where E 

b a r r i e r  it was not  necessary t o  use approximation (2) because 

e i t h e r  an experimental  value of 4 was ava i l ab le  o r  >cut 

becomes comparable with the Coulomb r 

8 0  A t  the  lower range of temperature (T C< 50 x 10 K), 

t h e r e  i s  i n ' a d d i t i o n  a "non resonant cont r ibu t ion"  t o  p which 

is  completely d s t e m i n e d  by the low energy c ross  sec t ion  f a c t o r  

S I .  W e  w r i t e  t h i s  a s  

2 I n  many cases  the  term r /4 can be neglected.  The 

denominator is the  f a m i l i a r  Breit-Wigner resonance denominator 

corresponding to an optimuin bombarding energy at temperature T. 
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. The numerator is temperature independent and may be w r i t t e n  a s  

For those l e v e l s  i n  which the  non resonant cont r ibu t ion  

was dominant, it was necessary e i t h e r  t o  e x t r a c t  from measured 

values  02 the alpha width a t  resonance using equation (2) or  
'\ 

+.*or+?)-k- 1 

t o  es t imate  t h e o r e t i c a l l y .  For t h i s  purpose we w r i t e  it as  
\ 

1 2  The f i r s t  f a c t o r  51 is  of the  form 

2 The values of Go /G i n  which G i s  the  i r r e g u l a r  t k 
Coulomb wave funct ion fo r  o r b i t a l  quantum number 1 

obtained w i t h  tha help of recursion r e l a t i o n s  given i n  Feshbach, 

Shapiro and Weisskopf (1953) o r  w i t h  the a i d  of graphs of t he  

Coulomb funct ions given by Sharp, Gove and Paul (1955). 

may be 

* 
I The second f a c t o r  3 i s  the reduzed width 02 the  l e v e l  
1 -  

i n  energy un i t s .  W e  can wr i te  it a s  i 
I 
! 

\ 
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2 in which 0 < €la 

ea. from available measurements of for neighboring levels. 

< 1. U s u a l l y  it is possible to estimate 
2 

\ 

\ 
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I11 Nuclear Reaction Rates 

For each reaction we first illustrate the situation by 

plotting the position and width of the Gamow peak at various 

temperatures on the diagram of excited levels in the compound 

nucleus. 

contribute significantly to the rate at any temperature. We 

Such diagrais show immediately which levels will 

then give table's.and a discussion of the nuclear level para- 

meters, pointing out in particular the improvements in our 

knowledge of these parameters. For each level which might 

contribute to the nonresonant rate, we tabulate values of 

1 and SBW. Such a procedure will allow rapid recalculation 

of the rates if new data becomes available in the future. 

We have used the most recent set of Q values and mass 

differences (Everling, menig, Mattauch and Wapstra 1960) , 

(a) Rate of the %+c'% reaction. 

The situation is descrcibed in Fig. 1, and Fig, 2. 

For the resonance energy Er (Er = E* - 3d ) of the second 
- excited state in C , we use E, = 375 Kev. This value is 12" 

chosen to be in the range 372 f 4 Kev determined by the 

experimezt cf Cssk, F s w l e r ,  Lauritzcn and Lauritien (1953); 

at the same time it gives an excitation of 7.650 Mev for the 

second excited state of C 1 2  which is within the range 7.656 

f 0,007 Mev quoted by Ajzenberg-Selove and LauritGen (1959). 

A large amount of theoretical and experimental work 

_..* - - - j_ " .. . .- . ----- - . 
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has been done to establish the nuclear parameters of the 

7.64 Mev state, 
The spin and parity of the 7.65 Mev state of C 1 2  

are almost certainty O+ (Cook, Fowler, Lauritsen and 

Lauritaen 1957; Albur'ger 1960; A jzenherg-Selove and 

Stelson 1960). 

alpha decay back to a*&' from whence this level was 

This means that in addition to a possible 

formed, a transition to the O+ ground state can occur 

either by emission of an electron-positron pair or by a 

gamma ray cascade through the 2+ first excited state 

consisting of two electric quadrupole transitions in 

sequence. The rate of the 3&-+C'& reaction is then 

proportional to the quantity: 

= c L  + r;- 
( 8 )  

where c= and are respectively the widths for pair 

and gamma decay. We will show that r2/c* so so 

Gad rl 
( 9 )  

Since no direct experimental determination of fr 
has yet been made, it must be deduced indirectly from 

measurements of ratios .of the widths, 

The ratio of the pair width to the total width 

( r - G d + n  is determined by a combination of two 

experiments (Alburger ,1960; Ajzenberg-Selove and Stelson 

1960) These yield 
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( 10 ) 
The r a t io  of t h e  gamma w i d t h  t o  t h e  t o t a l  w i d t h  has 

been measured by two'independent experiments. 

(1961) g ives :  

Alburger 

(11) 
A more p r e c i s e  value has r ecen t ly  been obtained (Seeger 

1963; Seeger and Karanagh 1963): 

(13 )  
A l l  o f  t h e  experimental information i s  then embodied 

i n  t h e  s i n g l e  r a t i o  

/f& = (-/5 .I I6 

(14) 
According t o  the  theory o f  Oppenheimer and Schwinger 

(1939) and D a l i t z  (1951), the  w i d t h  f o r  p a i r  einission i n  a 

O++Q+ t r a n s i t i o n  can be r e l a t e d  t o  a mat r ix  element (M.E.) 

f o r  t h i s  process  by: 
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and 3 i s  t h e  energy r e l ease6  I n  t h e  t r a n s i t i o n .  The value 

of M.E. can be ex t r ac t ed  f r o m  measured cross s e c t i o n s  f o r  

e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  o f  e l e c t r o n s  lead ing  t o  

t h e  7.65 Mev s t a t e  (Schi f f  1954, 1955). 

From t h e  e1ec:ron s c a t t e r i n g  experiments o f  Fregeau 
* 

and Hofstader (1955),  Sch,iff obtained t h e  value 

PI. E. ‘3.9x Ida6  C h 2  

(16) 
Late r  Fregeau (1956) c a r r i e d  out  t h e  same type o f  a n a l y s i s  

on his  own data and g o t  

\ 

\ A I  I 
Yalecka (1962) has analyzed t h e  data o f  Fregeau and 

Kofstader us ing  a,.-model i n  which the  C1* nucleus i s  e x p l i c i t l y  

r ep resen ted  by an  o s c i l l a t i n g  incompressible  l i q u i d  drop. 

This model p r e d i c t s  a ‘  value 
a v.E . a 4.2 X I O - ~ ~ C ~  

(18) 
. t h i s  va lue ,  being model dependent, i s  l e s s  r e l i a b l e  than  (17). 

with Fregeaus M.E. We g e t  

p o  1 
This value of t h e  3.23 E2 gamma radiation w%d%h f o r  C 1  
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5 

i s  c lose  t o  a t h e o r e t i c a l  s i n g l e  p a r t i c l e  es t imate  made by 

*3 
. F e r r e l l  (1957). H i s  r e s u l t  was = 1.4810 ev with an 

unce r t a in ty  of a factor two. 

The t o t a l  width may be obtained from e i t h e r  (10) and 

(19) or f r o m  (13) an4 (20) 

(21) 
W e  can a l s o  ob ta in  an est imate  of f independent of 

any unce r t a in ty  i n  

and (13) we have 

n 

& or re? , s ince  by equat ions (10) 

( 2 2 )  
An upper l i m i t  t o  t h e  alpha p a r t i c l e  w id thG i s  given 

by t h e  so ca l l ed  Wigner l i m i t  ( B l a t t  and Weisskopf 1952). 

For s-wave alpha p a r t i c l e s  the  Wigner l i m i t  depends only 

on tLie assumed i n t e r a c t i o n  rad ius  R f o r  t h e  a+&' 

Taking t h e  usual  r ec ipe  x= r, (A,'3 -+A2.) fe. We f ind  

that  a choice 6 = 1.5 i O. L o r  R = 5.4 - 0.7 g ives  

system. 

-I- 

+7 Q 4 7,, 

(23) 
Equations (21), (22) and (23) i n d i c a t e  t h a t  fN - i s  equal 

t o  t h e  Wigner l i m i t  and t h a t  R - 5.4. 

There i s  now s t rong  evidence f o r  an assignment of 
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. 

&13- f o r  t h e  9.63 Mev l eve l  of C 1 2  (Bradford 1961 and 

Carlson 1961). 

value = 30t8 kev (Douglass 1956); however, t h e  rad- 

i a t i o n  width i s  unknown. The m o s t  l i k e l y  mode of r a d i a t i v e  

decay would be by  cascade through t h e  2+ first exc i ted  s ta te .  

I f  the width had an  average value fo r  uninhib i ted  El t rans-  

i t i o n s  - 2 - 5  e< (Carlson 1961) ; however, t h i s  t r a n s i t i o n  

would be of the form 0 + 0 i n  isotopic  sp in ,  so t h a t  

s e l e c t i o n  r u l e s  w i l l  probably reduce the width by an o r d e r  

of magnitude. A c a l c u l a t i o n  of 5 h a s  been quoted (Hoyle 

and Fowler 1960) w h i c h  shows tha t  an  admixture of 4% of 

the T =-1 level  a t  17.63 Mev w i l l  reduce 4 t o  0.01 ev. 

W e  choose 5 =O.o3cv w i t h  an  u n c e r t a i n t y  of about a f a c t o r  

10 e i the r  way. 

we know also tha t  t he  alpha width has  t h e  

e 

7- 

W e  have summarized the nuc lear  parameters f o r  t h e  

la* 
r e a c t i o n  c~+Be'+c -CY i n  table  I. 

Methods for obtaining t h e  resonant r a t e  have been 

d iscussed  by Sa lpe te r  (1957). The mean r a t e  of d e s t r u c t i o n  

o f  He4  per a lpha pa r t i c l e  per second 

given by: 

(denoted by p4 1 i s  
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For t h e  7-65 Mev l e v e l ,  and t h e  new experimental 

va lues  give 

(25) 
Combining t h e  uncerta'inty i n  &r with t h e  unce r t a in ty  i n  

E,, we f ind t h a t  t h i s  resonance r a t e  should be c o r r e c t  

w i th in  a f a c t o r  t w o  a l l  through t h e  range 1 4  Ts' 50. 

For the 9-63 l e v e l  we g e t  i n  a s i m i l a r  fashion 

wi th  a poss ib l e  error of a factor of  t e n  e i t h e r  way. 

The r e l a t i v e  importance of t h e  nonresonant r a t e  i s  

measured by t h e  ra t io  Pnr /  Pr where Qnr and Qr a r e  res- 

p e c t i v e l y  t h e  rates pe r  p a i r  of c o l l i s i o n s  between d and 

B e  . 8 Using an alpha width f o r  each l e v e l  of  t h e  form 
C - 5 . 6 l Z / E -  - 0.371 E 1 

&(E) = 7 x / O  w e  g e t  t h e  values  given i n  

table 11. It i s  found t h a t  t h e  nonresonant r a t e  from both 

l e v e l s  i s  n e g l i g i b l e  for 0.854 T<50, Below T w 0.7 t h e  

nonresonant ra te  from t h e  7 - 6 5  l e v e l  dominates t h e  rate. 

2 The r e s u l t a n t  rate ' for  3 a + C I 2  i s  tabula ted  as  pa/( txa)  

without  screening i n  t a b l e  111. The a c t u a l  r a t e  with 

c o r r e c t i o n s  for e lec t ron  screening 

as p;i a t  var ious  d e n s i t i e s  of He 

included i s  p l o t t e d  

4 i n  Fig.3. 
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Energy Production 

Each r eac t ion  3a+ C12 r e l e a s e s  an amount 0 = 7,275 

The r a t e  of energy c;,,.;;-ation is Mev of energy, 

Salpeter has  defined a use fu l  parameter n by t h e  

equation 

We f ind  for 0.85 C Th< 50 

n =  .--3 4 3  5 
r, 

(29) 
For 0.6 < % <  0.85, t h e  value of n must be computed using 

- i 

for 8 t h e  sum of t h e  resonant and nonresonant r a t e s  as  

given by equations (27) and (281, respec t ive ly ,  

The preceding equations do no t  contain co r rec t ions  

for  e l ec t ron  screening, To include t h i s ,  we  have added a 
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scale t o  Fig. 3 from whichE/xdmay be read direct!.y f o r  

var ious  assumptions of exe . I n  t a b l e  V w e  have ' tabula ted  

n and included t h e  modification t o  equation ( 2 9 )  due t o  

screening a t  var ious dens i t i e s .  
, 

b) R a t e  of t h e  r eac t ion  C I 2 ( , , y  ) 

As can be  seen from Fig 4, t he re  a r e  t h r e e  l e v e l s  

which g i v e  t h e m a i n  cont r ibu t ion  t o  t h e  r a t e .  (See a l so  

table V I ) .  

The 7.12 Mev l e v e l  l i e s  below t h e  sum of t h e  masses 

of C 1 2  + 01 and makes a nonresonant cont r ibu t ion  which 

dominates t h e  ra te  a t  T8< 10. 

value 5 = 6.6 x ev with an uncer ta in ty  of about 30% 

W e  use  t h e  r e c e n t l y  measured 

(Swann and Metzger 1957;  Reibel and Mann 1960). The alpha 

w i d t h  can be w r i t t e n  as  

wi th  7 - g4 )a  0d = %I . The f ac to r  5;" depends 8 

mainly on t h e  r ad ius  R. 

and g e t  

-to.~-3/E'" - 0.73qE L(f) = 'Ye 

Following Sa lpe te r  we take R = 5 .27  

6 ti'- 4.9 x 10 ; t h e  unce r t a in ty  i n  R i s  no t  

m o r e  than lo%, which introduces an unce r t a in ty  of a factor 

of about t w o  i n  The factor ?,,,is the Wigner upper 

l i m i t  t o  t h e  reduced width i n  energy u n i t s , r w  = 0.74 MeV. 

5;" . 

a 
F i n a l l y  

the over lap  of t h e  7.12  Mev s t a t e  w3-th t h e  system C12 + a  

i s  an unknown nuclear parameter which measures 

T h i s  q u a n t i t y  may be  estimated s t a t i s t i c a l l y  f r o m  t h e  
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spectrum of  values of Ocfor the l e v e l s  a t  s l i g h t l y  h igher  

energy. From a t a b l e  given by Roth and Wildermuth (1960) 

we f ind t h a t  e," is d i s t r ibu ted  between 0.001 and 1 f o r  all 

l e v e l s  with E? 12.5. There i s  some t h e o r e t i c a l  reason 

(quoted i n  Cameron 1958) t o  be l ieve  t h a t  t h i s  s t a t e  should 

have a r a t h e r  l a r g e  alpha p a r t i c l e  width. We s h a l l  take 

earaO.l  with an e r r o r  of about a f a c t o r  t en  e i t h e r  way. 
6 

This  may be compared with Sa lpe te r ' s  choice' o f  &a = 0.07. 

The nonresonant r a t e  i s  given by 

With our  values  we ge t  

(31)  
This expression i s  an approximation t o  t h e  exact r a t e  

which i s  

(32) 
I n  order  t o  t e s t  t he  accuracy of t h e  nonresonant 

i 

! 
f approximation, we have car r ied  out  a hand i n t e g r a t i o n  a t  

Tu= 1. The c ross  sectio?. was t a k n  t o  be of the  s i n g l e  
- I \  

i 
I 

I _ _  .--e_- 
1 
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*Some astrophysical arguments seem t o  favor the value &?=l 
a. 

16 Since P i s  proportional t o  8,,~ , i ts  value, and the value of q 

defined l a t e r ,  would s imply  be increased by 10. However, w e  still 

f ind it safer  t o  use the present lower value. 

_I- - . 
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l e v e l  Breit-Wigner form 

with 

-. 

W e  f ind  t h a t  both methods a r e  i n  agreement and g ive  

plpxa 0 3.3 3 a t  T5= 1. This i s  wi th in  

a f a c t o r  two of Salpe ter  (1957). Our r a t e  i s  still un- 

c e r t a i n  by a f a c t o r  of twenty. 

For t h e  broad l e v e l  a t  9.58, much b e t t e r  accuracy is 

possible because t h e  f ac to r  2 can be determined from t h e  

known value a t  resonance q =  0.65 Mev (Segel,  Olness 

and Sprenkel 1961; Miller, P h i l l i p s ,  H a r r i s ,  Beckner 1962). 

For t h e  r ad ia t ion  width,  we use t he  measured value 

6 x ev with in  a f a c t o r  of about t w o  (Bloom, Toppel, 

r; = 

and Wilkinson 1957). The nonresonant ra te  i s  again ex- 

pressed by equation (30) with S' from table V I ;  t h e  

resonant  ra te  can be wr i t t en  as 

( 3 3 )  
The 9.58 l e v e l  does no t  cont r ibu te  below T2* 10 b u t  for 

10 T 20 it  g ives  a r a t e  which is' comparable w i t h  the 

7.12 l eve l .  The uncer ta in ty  i n  t h i s  range i s  probably 

s o m e w h a t  l e s s  than a f ac to r  ten.  
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- .  Above T -30 resonant capture  i n t o  the  l e v e l  a t  9.84 

tends  t o  dominate t h e  r a t e .  The alpha width has  been measured 

by H i l l  (19531, and t h e  r a d i a t i o n  width by Meads and McIldowie 
- 

(1960). Since py<c  and = 0.02 * 0.01 ev,  t h e  ra te  i s  

unce r t a in  by l e s s  than a f ac to r  two e i t h e r  way. W e  g e t  
* 

R / p &  = 2.3r’x ,(T;-13dr d 

(34) - -!/a 
‘8 

The r e s u l t a n t  r a t e  i s  tabulated without screening as 

p/txd i n  t a b l e  V I I .  

The energy production f o r  C12 ( C ) , , ~ ) O ’ ~  is r e l a t e d  to p 

by E = 5.76 x lo1’ px,. 
z 

Because of t he  l a rge  uncer ta in ty  i n  a , t h e r e  i s  need 
I 

for a measurement of t he  low energy c ross  sec t ion  f a c t o r  S 

f o r  t h e  C 1 2  (A, V)0l6 reaction’. .The experiment of A l l a n  and 

Sarma (1955) i s  no t  very he lpfu l  i n  t h i s  r e spec t ;  t h e i r  

r e s u l t s  imply only  t h a t  S’ < 10 5 MeV-barns. 

c) Reaction r a t e  for  0l6 (d,f)Ne2O 

The s i t u a t i o n  i s  described i n  t a b l e  V I 1 1  and Fig. 5. 

+ 
A study o f  t h i s  reac t ion  i s  now under way a t  t h e  

Kelloq Radiation Lahnratnry (J. E. --* U W A A - p A A v a L t Z  ---I- communi- 
c a t i o n ) .  , 

\ 
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I 

1 .._ 

1 

W e  have incorporated i n  these the new da ta  f r o m  t h e  Chalk 

River group (Kuehner, Gove, Li ther land ,  Clark,  and A l m q y i s t  

1961). The Q value and the var ious  resonance energ ies  are 

known with in  about 10 Kev. 

16 The 4.97 l e v e l  is a ( 2  -) : hence no t  a c t i v e  for 0 

For the ‘5;64 Mev (3-) l e v e l ,  we  have , t w o  independent 
I 

measurements : 

wt1) rp 0,003 ,+ 0 , 0 0 d  eu and 
r 

c / P  = 0.07 f 0.01 

From these  we g e t  
\ 

For the 5.80 Mev (1 -) l e v e l  we have only  one piece 

of information 

r, /r  C 0.006 

The s i n g l e  par t ic le  l i m i t  for  i s  1 6  ev;. the a c t u a l %  h a s  

been estimated to  be about 10034 of t h i s  value,  or cw 2 ev. 
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, 

W e  adopt t h i s  value and 

be v a l i d  wi th in  f a c t o r s  
-.e 

from t h e  experimental  information 

4 = 0.01 ev. Both choices  should 

of 10 e i t h e r  way. The product 

fei 1 7  
( 2 1  + 1 1 7  

of 10. 

should be about 0.03 ev again wi th in  f a c t o r s  
* 

For t h e  6.75 Mev l e v e l  t h e  r a d i a t i o n  width i s  no t  

known. On t h e b a s i s  o f  s ing le  particle es t imates  we take 

E 0.1 ev, The alpha width i s  19 Kev (Cameron 1953). 

Calculat ion of nonresonant rates again involves  a 

knowledge of t h e  S' f ac to r  belonging t o  t h e  var ious  resonances,  

and for t h a t  a knowledge of t h e  f a c t o r  . The values  o f  

t hese  q u a n t i t i e s  a r e  given i n  table VIII. The l e v e l s  a t  

6.75 and 5.80 are seen t o  be t h e  m o s t  important cont r ibu tors .  

Higher l e v e l s  would make neg l ig ib l e  small add i t ions  w h i c h  

would s t i l l  be wi th in  the experimental unce r t a in t i e s .  

The nonresonant r a t e  i s  given by 

(35) 
I n  t h e  range lc%<2, t h e  S '  f a c t o r s  are roughly constant ;  

t h e i r  average va lues  are given i n  table VIII. W e  g e t  

, I  . . 
1 ..< S'a 0.3 Mev barns  and 
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I '  

I '  
i '  
I ,  

both  wi th in  f a c t o r s  of 10. This ra te  i s  4.5 t imes as 

l a r g e  as the  es t imate  of  the nonresonant rate made by 

Sa lpe te r ;  mainly because we know more about t h e  p r o p e r t i e s  

of t h e  leve ls .  \ 

The resonant ra te  i s  given by 

(37) 
The resonance a t  5.64 dominates the  r a t e  f o r  2 ~ T c 8 ;  

i n  t h i s  region we know the  r a t e  within a factor 2.*  

From T = 8 t o  T = 20, t h e  5.64 and 5.8 rates are 

roughly s i m i l a r  (uncertainty of about a f a c t o r  t en ) .  

Above T = 20 we include cont r ibu t ions  f r o m  t h e  6.75 

and h igher  leve ls .  A stat is t ical  s tudy has  been made which 

y i e l d s  the  numbers given. The accuracy should be bet ter  

than  a f a c t o r  of ten.  

*Edison and Bent (1962)  f i n d  evidence for  a somewhat 
i a r g e r  vaiue of ~ ~ / p  for i;i-,e 5 - 6 4  le\-&l; ~ - 1 - . r r . v  LAAGX r r k t a i n  u..l C U I . .  

r ~ / p  = 0.3 
which depends only  on the value of (2 

0.2 .  T h i s  r e s u l t  does no t  a f f e c t  our rate 
+ l)T&. 

r 
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. 

The r e s u l t a n t  rate i s  tabula ted  as p / f ~  in table IX, 

without screening. 

* The energy production i s  

W e  w i l l  nob uescr ibe  t h e  r e s u l t s  of a d e t a i l e d  s tudy 

of the four r eac t ions  cC'3(d,n)O't Niq(&,v) F:' 

mad e 

by Thibaudeau (1962). I n  each of these r e a c t i o n s  the 

compound nucleug possesses  a l a rge  number of exc i ted  s ta tes  

i n  t h e  region of energy which fa l l s  wi th in  the Gamow peak 

a t  t h e  temperatures of i n t e r e s t .  The s i t u a t i o n  i s  i l l u s -  

t r a t e d  i n  Figures 6 ,  7 and 8. Under such condi t ions  t h e  

t o t a l  thermonuclear reac t ion  r a t e  i s  c o r r e c t l y  obtained 

by summing up t h e  resonant and nonresonant rates from 

each l e v e l  near  o r  wi th in  the Gamow peak. For each of t h e  

fou r  r eac t ions  the unscreened r a t e  can be symbolically 

w r i t t e n  as  

\ 

where T '  is t h e  modified temperature as defined by Reeves 



- 24 - 
and Sa lpe te r  and C = 30,25, 33.71 and 33-88 for C13 +a, N 1 4 + a  

and N15 + a  respect ively,  

16 
d)  R a t e  of t h e  r eac t ion  C13(u,n) 0 

The pos i t i ons ,  ,widths and sp ins  of t h e  l e v e l s  occur- 

i ng  i n  t h e  sums of equation (39) ( see  Fig. 9) w e r e  obtained 

from Ajzenberg and Lauritzen (1961); t h e  m o s t  r ecent  meas- 

urements of  Fossan, Walter, Wilson and Barschall  (1961) 

have brought on ly  minor changes t o  these  values  and were 

used whenever t h e i r  r e s u l t s  w e r e  not  even more uncer ta in  

than  those of  Ajzenberg and Lauritzen, 

The are provided by an experimental s tudy of 

Walton, Clement and Boreli (1957), These au thors  have 

determined t h e  r a t i o  m/G for a dozen l e v e l s ;  t h e  value 

of i s  obtained by s e t t i n g  r=  c+ c . Furth.ermore they  

have ca l cu la t ed  t h e  b a b y  using a r ad ius  of  R = 5.7 fe. 

The va lues  obtained range between 0.1 and 0.004 and are 

known t o  bet ter  than a f ac to r  2 except . those  which are 

known t o  only  an  order  of  magnitude. 

2 
04 

Two se ts  of the 

have been considered corresponding t o  t w o  poss ib l e  

..31..-- - F  0 &LA ,-..-:L.. LL--- 1 ----- ' 
V u I u F i o  uL 4 DLub-z ~ A A G  r a i r c y  U A  ~ i i e a r  ~ s v r . 6  s is net  

known; we have reproduced only  one set. For a l l  t h e  

other l e v e l s  we t ake  % = 0.02 with in  a f a c t o r  5 ,  
0 
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I n  cases where t h e  spin and p a r i t y  of the l e v e l s  are 

The only  important  
w 

unknown, i t  i s  necessary t o  s e t  ce, = 1. 

case occurs  for  a l e v e l  a t  an  e x c i t a t i o n  of 6.869 MeV. 

W e  have taken 1 = 1 and 

Therefore the con t r ibu t ion  from t h i s  l e v e l  can ha rd ly  

w 
= 1 corresponding t o  Jrr= %+, 

e 

i n c r e a s e  more than a factor 10, and i f  i t  decreases  by 

more than a f a c t o r  10, the con t r ibu t ion  from t h e  other 

l e v e l s  w i l l  predominate, 

u n c e r t a i n t y  i n  t h e  r a t e  of t h i s  r e a c t i o n  for  temperatures 

I n  t h i s  way we minimize the 

3 & T8S 5. 

W e  have assumed that r n > > c  i n  all cases and s e t  

u n l e s s  some evidence ind ica ted  t h e  contrary.  

For the nonresonant con t r ibu t ion  however i t  i s  

necessary  to  know rn.  I f  the va lue  i s  unknown we  choose 

rn = 1 Kev, which i s  j u s t  a l i t t l e  1 e s s . t h a n  the s m a l l -  

e s t  measured width; t h e  r e s u l t s  a re  n o t  e s p e c i a l l y  

s p n s i t i v e  t o  t h i s  choice. Only the l e v e l s  a t  6,37.and 

7.28 make an  apprec iab le  nonresonant cont r ibu t ion .  

I n  this way w e  f ind that on iy  one or  a r'ew of t.he 

large number of l e v e l s  occuring i n  the sum of equat ion 

3 provide the p r i n c i p a l  cont r ibu t ion  to  the r a t e  a t  any 

temperature and detem, 8 ( I s 0  the u n c e r t a i n t y  i n  the  
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parameters for these  key l e v e l s  a r e  given i n  t a b l e  X, 

The rate (unscreened) of t he  reac t ion  C I 3  ( a , n  ) . 01 l.6 is 

given i n  table XI wi th  t h e  source o f  t he  p r i n c i p a l  

cont r ibu t ion .  
I * 

e 

The ra te  of production of energy is 

(40) 
where Xc i s  t h e  r e l a t i v e  concentration by m a s s  of C13. 

e)  Rate of the  reac t ion  N14 + Q  

The parameters of the  l e v e l s  i n  F1* i n  t h e  region 

o f  e x c i t a t i o n  i n  which we  are i n t e r e s t e d  ( see  f ig .7  ) 

are  even less  w e l l  known than for O 1 7 .  

there are t w o  possible react ions:  d4 (d, 
N (d,p ) O l 7 ;  t h e  l a t t e r  dominates f o r  temperatures 

TgZ 20. 

Furthermore, 

) F18 and 

14 

Values of were taken from the  measurements o f  

Xerring (1958), S i l v e r s t e i n ,  Sal isbury,  Hardie and 

-. Oppliger (1961) and Brown (1962). However, w h i l e  Herring 

as w e l l  as S i l v e r s t e i n  gt. a l .  u s e  a r ad ius  of 4.8 fermi 

t o  determine ha, Brown takes  R = 5.6 fe which i s  probably 

more reasonable.  W e  have reca lcu la ted  a l l  t h e  with 

R = 5.6 fermis (and res tored  t o  i t  a f a c t o r  2/3 which 

L 
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*Note 

The nonresonant ra te  has been recent ly  reconsidered 

by Caughlan (private communication), She has obtained an 

est imate of the S value by an a n a l y s i s  of the background 

(of f-resonance) experimental values.  She obtains : 

3 

6 
S = 10 G0.6 - 9.15 E(MevjJ MeV barns 

from there we obtain: 
% 

log p/pXd = 16.2 + log(10,6 - lm'2T#)- 30*24 - 0,08T8 
T8 y3 

H e r  r e u l t s  are used i n  Table X I .  

\ 

\ 

. 
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Brown dropped i n  h i s  d e f i n i t i o n  of  8' L The values  thus  

obtained f a l l  between 0.013 and 0.32, and f o r  a l l  the 

other l e v e l s  we choose @ga= 0.06 wi th in  a factor 5 and 

R = 5 , 6  fermis, 

' 

I n  order  to complete t h e  ca l cu la t ion  o f  c ,  when 

t h e  sp in  J of t h e  l e v e l  i s  known, we have assumed t h a t  

t h e  t o t a l  cont r ibu t ion  t o  t h e  r eac t ion  w a s  due t o  alpha 
\ 

particles w i t h  the smallest orbital  momentum compatible 

w i t h  the data.  When J i s  unknown, w e  have assumed t h a t  

i t  can vary from 0 to 4 andR from 0 to 3, and we have 

taken f o r  t h e  value o f  w c  the geometrical  mean of the 

va lues  obtained by making 3 = 0 and I = 3 with an un- 

c e r t a i n t y  equal t o  the r a t i o  between t h e  mean value and 

the extreme value. 

The value of i s  known only f o r  four  l e v e l s  (P r i ce  

1955, P h i l l i p s  1958). These values go t o  6 ev. Because 

o f  t h e  l a r g e  number of  l e v e l s  below those i n  which we  are  

i n t e r e s t e d ,  we be l i eve  t h a t  an El t r a n s i t i o n  w i l l  be  possible 

i n  every case, W e  choose i n  every case  

factor 3. 

= 3 ev wi th in  a c 
The nonresonant cont r ibu t ion  predominates for Ts < 0.5. 

14 
For t h e  r eac t ion  N (u,p ) 017 we know on ly  t w o  values  
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of $ (Brown 1962) and t h e  corresponding ep" ca lcu la ted  by 

2 
t ak ing  R = 5.0 fermis; these  a r e  0p  = 0.014 and 0,044 

respect ively.  On t h e  o ther  hand Lane (1960) g ives  i n  F 17 

the values  of $ f o r  four l eve l s ,  O . O l g t $ ) ? S  0.16. 

Therefore, we take e: = 0.04 t o  wi th in  a f a c t o r  4 andlwe 

c a l c u l a t e  $ by the method indica ted  previously f o r  & . 
When r is known, 6 G/r cannot e x c e e d F  and t h i s  i s  taken r 

account o f  i n  t h t  evaluation. The nonresonant con t r ibu t ion  

t o  N14(a,p IO1' i s  negl igible .  It is removed from t h e  

Gamow peak a t  low temperatures by conservation of  energy, 

and furthermore t h e  emission of protons i s  h indered 'by  t h e  

Coulomb barrier. 

Again we f ind  t h a t  o n l y  c e r t a i n  key l e v e l s  a re  

important i n  determining the  rate a t  each temperature 

with i t s  uncer ta in ty ,  The parameters for these  key l e v e l s  

are  given i n  table XI1 and t h e  total  r a t e  f o r  N + QL 

(unscreened) i s  given i n  t a b l e  X I I I .  

14 

If one des igna tes  by 2$, the r e l a t i v e  concentrat ion 

by mass of d4, the rate of production of energy i s  

\ 

18 for T 4 2 0 ( d 4  + U+ F18 + ').-*(I 4- e%m +); 6.08 Mev per 
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r eac t ion ) ,  For T >, 2 0 ,  the  reac t ion  i s  endothermic: 
( ~ * + ~ ~ ~ ~ 7 + p )  dominates. 

e= - 8.2 10'~ x, kr2 igrn - set) 

f )  Rate of t h e  reac t ion  N15(d83) FI9 

The pos i t i ons  of t he  l e v e l s  have been taken from 

genera l  re ferences  (Ajzenberg-Selove and Laur i t sen  1961) : 

(Way gt. a l .  1961) 
\ 

except f o r  several  most! recent  co r rec t ions  

which come from measurements made by S i l b e r t  and J a m i e  

(196i j ;  (See f i g ,  8 )  

The experiments of Smotrich, Jones, McDermott and 

Benenson (1961) on t h e  e l a s t i c  s c a t t e r i n g  of  alpha p a r t i c l e s  

by N have determined t h e  w i d t h s  of  severa l  l e v e l s  t o  a 

p rec i s ion  around 10%. The values  of which they obkain 

15  

range between 0,005 and 0.4. We take for  the  o the r  l e v e l s  

e," - 0.05 wi th in  a f ac to r  8. I 

We t r e a t  t h e  problem of  unknown sp ins  and o r b i t a l  

momenta as f o r  t h e  react ion d4(a ,3  ) F1*. 

Pr ice  (1957) has  es tabl ished the  value of  Ut-!! for 

t h r e e  l eve l s .  The corresponding 5 a r e  compressed between 

2 e.J 2nd 7 e... we &==se I.? - 4 2-G for o t h e r  l e v e l s ,  
" - 8  ' 7  - 

I n  t a b l e  XIV we give  parameters fo r  t h e  key l e v e l s  

i n  F19; t h e  r e s u l t i n g  r a t e  i s  given i n  t a b l e  XV. 

Reeves and Sa lpe ter  i nd ica t e  t h e  same r a t e ' f o r  
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N l 4 ( a 8 y )  F18..8nd Nl"(6,y ) F1'; our  ra te  for N15(a,y ) F1' 

d e v i a t e s  r a r e l y  more than a factor 10. 

I f  one des igna tes  b y  the r e l a t i v e  concentrat ion 

by mass of d5,  the r a t e  of production o f  energy is  

( Q  = 4.01 Mev), 

' 

c = 2.4 X / O ~ ~ X , ,  (ergs/', -set) 

F i n a l l y  we  give as . one main r e s u l t  of ou r  work, 

, graphs (see f i g u r e  9 , )  of c e r t a i n  ra t ios  which occur 

i n  equat ions determining the ra te  of formation of the 

isotopes C I 2 ,  0l6 and Ne2' i n  t h e  H e l i u m  thermonuclear 

r eac t ions ,  The ratios p lo t t ed  are defined by: 

\ 

\ 

. -. . __ . 

.... - 
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16 
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Parameters of key l e v e l s  i n  F18 for t h e  r eac t ions  
N14 (a,  p )  F1* and N14 (a ,  p ) O 1 7 .  

XIII, Values of t h e  ra te  of the reac t ion  N I 4  + a .  

XIV, Parameters of key l e v e l s  i n  F1’ f o r  the  reactj.on 
N 1 5  + U +  F19 + ? .  

Values of t h e  ra te  of t h e  reac t ion  N15 (a,? ) F 19 m e  . 
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1 2  : TATXLE' 1.1 - Nonresonant Rate for 3oC C 

Level 

S' (MeV 
barns) 

9.63 

1.1 lo3  , I  5 3.9 x 10 . 

I 

where 8s 0.022T 2/3 (1 - 0.21 T 1/3) 

--. 

. .  
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t .  

T 

TABLE I11 

1 

0.60 
0.70 
0.85 
1.0 
1-2 

1.6 
1.8 
2 
3 
4 
5 
6 
8 
10 
20 
30 
40 
50 

1.4 

-28.29 
-25.13 
-22.22 
-20.17 
-18.65 
-17.50 
-16.58 
-13.96 
-12.76 
-1 7 : l l  
-11.71 
-11.30 
-11.12 
-11.07 
-11.29 
-11.50 

7.65 Nonresonant (uncertainty -4) 

! 

7.65 Resonant (uncertainty - 2) 
t 

1 
-11.50 ] 

7.65 and 9-63 Resonant (uncertainty - 10) 
, 

\ 



- 35 - 

-3 
0 
d 

. 

0 0 0 0  

d 

0 
a 

. .  

-4 
c 
Q, 
Q, 
k 
0 cn 
c 
0 
k 
+, 
0 
Q, 
d @ a  

JJ 
0 do 

A 

JJ 

cn 
c 
0 

.r( 
4J u 
0, 
k 
k 
0 u 
'u 
Q, 
4J 

d I m d  . .  

l n l  0 

* I  0 rnd 

, 

c - + ,  



v) 
aJ 0 .  

-4 
4J 
-4 
v) 

5 

5 c 
m 
v) 
Q, 

' k  
I 
+, 
m 
k 
aJ 

$ 
4J 

v) 
I 
0 
-4 
k 
m > 
4J 
Id 

C 
0 

aJ 
2 

- 36 - 

N 

0 
0 

* I  0 

I 
m I 



O n  

X 
(v 

03' 

(v 

I N  
O f  
d e  

hl 

I 

hl 
I.. w 

Y 

. - 37 a 

cy 
0 
d 

X 

f 

+I 

n 

m 
" e 

Y 

rD 
0 
ri 

X 
n 
m 
0 

0 

+I 

e 

. m  
Q 

0 
e 

Y 

hl 
I 
0 
d 

X 
n 
. d  

+I 
N 
Y 

n 
N 

k 
0 
c, u 
v.l 

a 

a 

0 

b.5 
d 5  
X -4 
3 

\ow 

hl 

IO 
d 

X 
n 
cy 

cy 

$I 

\o 

\o 

e 

e 

Y 

n 

5 
Y 

L!! 

m 
0 
0 

+I 
Pi 

e 
0 

f 
0 
d 

X 
cy 

to 
0 
d 

X 
rl 

hl 
e 

00 
tD 
(Y 

N 
f 

hl 
e 

a3 
QI'. 

0 

\ 

00 m 
OI 

e 

d - 8  

0 

+ 
e '  

PI 
0 
c 
4 
ul 
d aJ 
3 
aJ 
d 

k 
0 w 
rd 
c, 

5 

k 
aJ 
rl u 

a 

a 

z 

N 

(0 
d 

X 
cy 00 

8 , .  

m 
0 
r( 

X " 
m 

e 

rl 
f 
0 

0 
I 

e 
hl 
rl 

e 
0 

0 

n 

5 
v 

n 
3 

u 

td * 
TJ 



- 38 - 
r .  TABLE VI1 

Rate for c12 (a,?) 0 ~ 6  

T loq P/pxu Tme 
1 

-10.56 

1.0 -20.52 
1w2 -18 . 88 
1.4 -17.61 
1.6 -16.54 
l W 8  -15 . 65 
2wo -14.88 
2.5 -13.36 
3 -12,21 
4 
5 - 9.42 
6 - 8.53 
8 - 7.27 
10 
15  
20  - 3.73 
30 - 2.03 
40 - 1.27 
5 0  - 0.76 

7.12 NR uncertainty - 2 0  

7,12 and 9.58 uncertainty - 5  

9.58 and 9.84 uncertainty - 2  

\ 

\ 

\ 
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TABLE IX 

T 

Rate for 0l6 (a,?) Ne2' 

1.0 
1.5 
2.0 
2.5 
3.0 
5.0 
6.0 
8.0 
10 
20 
30 
40 
50 

-27.68 
-23.12 
-19.4 
-16.13 

- 7.41 - 5.84 

\ -13.19- 

- 2.87 - 0.84 
+ 0,s  

1.2 } 
1.41 

. 

5.81 and 6.75 
nonresonant 
uncertainty w 10 

5.64 resonant 
uncertainty (V 2 

5.64 and 5.81 
resonant 
uncertainty +10 
6.75 and higher levels 
resonant 
uncertainty <IO 

! 
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TABLE XI 

* Values of the rate of the reaction 

T . 10s P/Pzc( eon tr ibu t i o n  

0.6 
0.8 
1.0 
1.1 
1.2 
1.5 
2 
3 
4 
5 
6 
8 

-1g. 8 ?  

\ ' -11.4 
-10.7 - 7.0 - 4.1 - 2.2 - 0.9 . 

' +  0.1 
+ 1.5 

Nonresonant Uncertainty 2: 3 

. 
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TABLE XI11 

N14 + a 
Values of the Reaction Rate 

\ 

T 1053 P/pXd Contribution 

108 OK 

0.2 
0.3 
0 - 4  

0.5 
0.6' 
0.8 
1.0 
1.1 
1 - 2  
1 -5  
2 
3 
4 
5 
6 
8 
10 . 
20 \ 
30 
40 
50 . 

. \  \ I 

1 

-45 . 00 
-38.00 

! 
-29.10 
-25.05 
-20.05 
-17.10 
-16.00 
-15.07 
-12.84 
-10.28 

- 4.92 - 3.62 - 2.66 - 1.43 
= 0.47 

6.91 

4.66 
5-18 

4.355 

Resonant 

Uncertaintys25 
[E*: 4.651 

4.6SL, 4.'741, 4. 844, 

4.741, 4.844, 4,964, 
5,295 

l7 - many l e v e l s ,  

I 

\ 
',, 
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TABLE XV 

N15(6,3) I?” 
Values of the rate of the reaction 

T loq p/pxd Con t ri bu t ion  . 
0.2 
0.3 
0.4 
0.5 
0.6 
0.8 
1.0 
1.1 
1.2 
1.5 
2 
3 
4 
5 
6 
8 
10 
20 . 
30 
40 
50 

-44.35 
-37.92 
-33.47 
-30.33 
-27.92 

\ -23.52 
-19.26 
-17.55 

. -16.13 
-13.00 - 9.82 - 6.17 - 3.85 - 2.30 - 1.18 

0-34 
1.32 
3.78 
4.81 
5 ,”38 
5.75 

Nonresonant 
E*: 4,036 
Uncertaintys200 

c Resonant 
E*: 4,385 
Uncertainty# 50 

Resonant 

Uncertaintys 25 
L 4,385, 4.563, 4,760 

Resonant: numerous levels 
5,102, 5.339, 5,481 
Uncertaintys5 

L 

I 

-. 
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C .  FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4 ,  

Fig. S a  

e Fig, 6 .  

Fig. 7. 

Fig. 8. 

F i g .  9. 

- .  . 

- 

Graphical display of energy relations for 
3a - (not drawn t o  scale). ’ 

Range of excitation in C1’ at various tempera- 
tures for a + Bee - C’’ + y .  

Mean life i’n sec, of an He4 nucleus and rate 
of energy production for 3a - C’a at vari- 
ous a particle densities in gm/cm3. 

Range*of excitation in 0” at various tempera- 
tures for C’a(a,y)018. 

Range of excitation in Neao at various tempera- 
tures for O”(a,y)Neao. 

Range of exc: tation in 0” at various tempera- 
tures for F’” (a,n)0l6 . 
Range of excitation in F1* at various tempera- 
tures for N14 + a. 
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